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Replication licensing factor is thought to be involved 
in the strict control of the initiation of DNA replication 
in eukaryotes. We identified a 100 kDa protein as a 
candidate for the licensing factor in Xenopus egg ex- 
tracts. This protein was required for replication; it 
bound to sperm DNA before the formation of nuclei 
and apparently dissociated from the nuclear DNA dur- 
ing the progression of replication without being trans- 
ported into the nuclei. An immunologically homolo- 
gous protein in HeLa cells behaved similarly to the 
Xenopus protein during the cell cycle. Cloning and se- 
quencing of the cDNAs encoding the Xenopus and hu- 
man proteins revealed that they are homologs of yeast 
Mcm3, a putative yeast DNA replication licensing 
factor. 
Introduction 
In eukaryotes, the whole genome is replicated only once 
in S phase, and rereplication of DNA before completing 
mitosis is strictly prohibited. The pivotal role of the nuclear 
membrane in preventing rereplication was initially demon- 
strated by Blow and Laskey (1988) using the cell-free DNA 
replication system of Xenopus egg extract (S phase ex- 
tract). In this system, sperm DNA undergoes asingle round 
of semiconservative DNA replication per cell cycle, follow- 
ing the formation of a nuclear structure around the sperm 
DNA (Blow and Laskey, 1986; Newport, 1987; Hutchison 
et al., 1988). The blockade of rereplication can be over- 
come by permeabilizing the nuclear membrane. Based 
upon this finding, Blow and Laskey (1988) proposed a 
model in which a licensing factor is required for the initia- 
tion of replication and is inactivated immediately afterward 
without being transported into the nuclei. These features 
of the factor allow the replication to occur only once in the 
egg extract unless the nuclear membrane is permeabil- 
ized. The permeabilization of the nuclear membrane also 
allows the genome of G2 nuclei in the egg extract to initiate 
replication when intact G2 nuclei are unable to replicate 
(Leno et al., 1992; Coverley et al., 1993). A replication 
blockade in G2 nuclei has been formally demonstrated 
by cell fusion (Rao and Johnson, 1970). However, these 
results support both the positive and negative licensing 
factor model. A negative factor for replication might be 
accumulated in the nuclei upon replication and released 
upon permeabilization. 
Studies using extracts of Xenopus eggs retaining G2 
phase-like activity unambiguously support the positive li- 
censing factor model (Blow, 1993; Kubota and Takisawa, 
1993). Both investigators independently found that the nu- 
clear structure is assembled around sperm DNA in the M 
phase egg extract treated with the protein kinase inhibitor 
6-dimethylaminopurine (Blow, 1993) or staurosporine (Ku- 
bota and Takisawa, 1993). The nuclei formed in the M 
phase extracts are incapable of initiating replication (Blow, 
1993; Kubota and Takisawa, 1993), though the assembled 
nuclei appear to be intact with respect to the structure 
of nuclear lamina and the function of nuclear transport 
(Kubota and Takisawa, 1993). It should also be stressed 
that these kinase inhibitors affect neither the activity of 
chain elongation stages of the replication reaction, nor 
the replication activity of the S phase extract (Blow, 1993; 
Kubota and Takisawa, 1993). Once nuclei are assembled 
in the M phase extracts, the transfer of the nuclei to the 
S phase extract (Blow, 1993) or the addition of excess S 
phase extract to the nuclei formed in the M phase extract 
(Kubota and Takisawa, 1993) fails to initiate replication. 
This feature of the M phase extracts treated with kinase 
inhibitors led both of them to propose that extracts retain 
G2 phase-like activity and that an S phase extract con- 
taining a positive licensing factor required for the initiation 
reaction acted before, but not after, the formation of nuclei. 
Further fractionation of the S phase egg extract revealed 
that the so-called positive licensing activity is confined to 
the soluble fraction (Kubota and Takisawa, 1993). A similar 
conclusion was reached by Coverley et al. (1993) by study- 
ing the replication activity of G2 nuclei from mammalian 
cells in the S phase extract. All these data support the 
notion that a positive licensing factor is required for replica- 
tion in the S phase extract. However, the identity has not 
yet been clarified. 
Genetic analysis of the cell division cycle (cdc) and the 
minichromosome maintenance (mcm) mutant of the yeast 
Saccharomyces cerevisiae has revealed that several mo- 
lecular entities are involved in the initiation of eukaryotic 
DNA replication (Tye, 1994). CDC46/MCM5 has attracted 
particular attention (Leno et al., 1992) because of its 
unique behavior during the cell cycle. Immunocytochemis- 
try has shown that CDC46/MCM5 accumulates in the nu- 
clei at Gl, disappears upon the initiation of replication, and 
reappears in the nucleus at the exit of M phase, namely 
telophase (Hennessy et al., 1990). This behavior is remi- 
niscent of the proposed characteristics of the licensing 
factor. CDC46/MCM5 is genetically and structurally re- 
lated to MCM3 and MCM2, and these products also period- 
ically enter the nucleus (Yan et al., 1993). Since the yeast 
nuclear membrane is not appreciably broken down during 
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Figure 1. identification of Xenopus ~100 Protein, a Candidate for Rep- 
lication Licensing Factor 
(A) SDS-PAGE analysis of Xenopus egg proteins associated with 
sperm DNA. The sperm DNAs were incubated in the membrane- 
depleted S phase (lane 1) and G2 phase-like egg extract (lane 2). and 
proteins associated With the DNA were isolated from the extract. The 
asterisk indicates a protein with an apparent molecular mass of 100 
kDa (~100) which was found specifically when sperm DNA was incu- 
bated with the S phase extract. The specificity of the antibody raised 
against ~100 protein was tested by immunoblotting S phase (lane 3) 
G2 phase-like extract (lane 4) and the sperm DNA incubated in the 
S phase (lane 5) and in the G2 phase-like extracts (lane 6) resolved 
by SDS-PAGE. 
(6) lmmunodepletion and partial purification of ~100 protein from the 
egg extract. The membrane-depleted S phase fraction was treated 
with control IgG-conjugated protein A beads or anti-p100 antibody- 
conjugated protein A beads. The proteins bound to control beads (lane 
l), to anti-p100 beads (lane 2) and partially purified ~100 protein (lane 
3) were resolved by SDS-PAGE and visualized by Coomassie blue 
staining. Mock-depleted extract (lane 4) anti-plOO-depleted (lane 5) 
extract, and partially purified ~100 protein (lane 6) were resolved by 
SDS-PAGE, and ~100 was visualized using anti-p1 00 antiserum. 
the cell cycle, it remains to be determined whether or noi 
the MCM gene products are the yeast licensing factor. 
Here, we describe a Xenopus egg protein that is a com- 
ponent of the licensing factor. Cloning and sequencing of 
the cDNAs encoding Xenopus and human homologous 
proteins showed that the replication is licensed by means 
of a machinery conserved from yeast to humans. 
Results 
Identification of the Component of DNA Replication 
Licensing Factor in Xenopus Eggs 
Licensing activity was found in the membrane-depleted 
soluble fraction of S phase egg extract (Coverley et al., 
1993; Kubota and Takisawa, 1993). Sperm DNA incubated 
in the extract for 15 min retains licensing activity after DNA 
is isolated from it (Blow, 1993). Hence, we speculated that 
the replication was licensed by the binding of specific pro- 
tein(s) in the S phase extract to chromatin. In contrast, 
G2 phase-like extracts, obtained by adding the protein 
kinase inhibitor staurosporine to the M phase extract, can- 
not support the initiation of replication, although they sup- 
ported the assembly of a nuclear structure around sperm 
DNA (Kubota and Takisawa, 1993). These results suggest 
that the protein factors required for licensing replication 
do not bind to sperm DNA in the G2 phase-like extract. 
When we compared the proteins bound to sperm DNA 
incubated with the membrane-depleted fraction of either 
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Figure 2. Requirement of ~100 Protein for the Replication Licensing 
Activity of the S Phase Egg Extract 
(A) [a-32P]dCTP incorporation into nuclei formed in the G2 phase-like 
egg extract. Demembranated sperm DNAs were incubated for 0 min 
in S phase extract (1) or 20 min in mock- (2) and anti-plOO-depleted 
extract (3) as well as anti-plOO-depleted extract plus partially purified 
~100 protein (4). The sperm DNAs were then separated and added 
to the G2 phase-like extract. After the appropriate time, the DNA repli- 
cation was measured as the incorporation of [c@P]dCTP. Results are 
the means of duplicate experiments. One hundred percent represents 
theamountof incorporation without absorbance using protein A beads. 
(B) Density analysis of nuclear DNA labeled with BrdUTP and [a- 
32P]dCTP. Replication products were prepared under similar condi- 
tions to those described in (A), in the mock-depleted (upper panel) 
and anti-p1 OO-depleted extract (lower panel) reconstituted with (closed 
circles) and without (open circles) partially purified ~100 protein. The 
purified DNA was analyzed by CsCl density gradient centrifugation. 
The positions of heavy-heavy, heavy-light, and light-light double- 
stranded DNA are indicated by HH, HL, and LL, respectively. 
S phase or G2 phase-like extract, we detected three major 
proteins with apparent molecular masses of 110,100, and 
92 kDa, which bound to the sperm chromatin in an S 
phase-specific manner (Figure 1 A, lanes 1 and 2). A poly- 
clonal antibody raised against ~100 (100 kDa protein) spe- 
cifically recognized a 100 kDa antigen in both S phase 
and G2 phase-like extracts and confirmed the specific 
binding to sperm DNA treated with S phase, but not G2 
phase-like extracts (Figure 1A). An immunocytochemical 
study further showed that this protein was associated with 
chromatin before nuclear formation (see Figure 3A). 
To identify the role of ~100 in the licensing activity, we 
depleted ~100 from the egg extract using protein A beads 
conjugated with anti-p100 antibody. Treatment of the ex- 
tract with beads conjugated with anti-p100, but not control 
antibody, resulted in the almost complete depletion of 
~100 from the extract (Figure 1 B, lanes 4 and 5). Analysis 
of proteins bound to anti-p100 protein A beads showed 
that two other proteins with apparent molecular masses 
of 110 and 92 kDa were specifically associated with the 
beads (Figure lB, lanes 1 and 2) and that these three 
proteins were eluted from the beads in a similar ratio (Fig- 
ure 1 B, lane 3). lmmunoblotting the proteins eluted from 
the beads with anti-p100 antisera showed that the 100 
kDa protein band corresponded to ~100 and that the 110 
and 92 kDa proteins were neither degradation nor precur- 
sor proteins of ~100 (Figure 1 B, lane 6). 
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Figure 3. Behavior of ~100 Protein before and 
after Nuclear Formation 
(A) Dynamics in the nuclear localization of ~100 
protein and RPA70. Demembranated sperm 
DNAs were incubated in the S phase egg ex- 
tract for 15 min (upper panels) and 90 min 
(lower panels). Decondensed sperm DNA and 
nuclear DNA (1 and 4) were visualized by stain- 
ing with Hoechst 33256, RPA70 (2 and 5) by 
mouse anti-RPA70 antibody followed by Texas 
red-labeled anti-mouse IgG, and ~100 protein 
(3 and 6) by rabbit anti-p100 antisera followed 
by FITC-labeled anti-rabbit IgG. Scale bar, 
50 pm. 
(B) lmmunoblotting of ~100 in the chromatin 
fractions. Demembranated sperm DNAs were 
incubated in the S phase extract for 15 (lanes 
2 and 7). 30 (lanes 3 and 8) 60 (lanes 4 and 
9). and 90 min (lanes 5 and 10) in the presence 
(lanes 6-10) and absence (lanes 1-5) of 10 us/ 
ml aphidicolin. The samples in lanes 1 and 6 were obtained by incubating the extracts for 90 min without sperm DNA. 
(C) lmmunoblotting of ~100 in the nuclear fractions. Demembranated sperm DNAs were incubated in S phase extracts containing 10 uglml 
cycloheximide to prevent them entering M phase, for 30 (lane 2) 60 (lane 3) 90 (lane 4) and 150 min (lane 5). The sample in lane 1 was obtained 
by incubating the S phase extract for 150 min in the absence of sperm DNA. 
The DNA replication licensing activity of the S phase 
egg extract was mostly diminished when the extracts were 
treated with anti-pi00 but not control immunoaffinity 
beads (Figure 2). The licensing activity of the egg extract 
was assayed by measuring the replication activity of the 
nuclei formed in G2 phase-like extracts, which supported 
elongation, but not the initiation of replication. When 
sperm DNA was treated with membrane-depleted extract 
containing the licensing activity, it retained the activity 
upon isolation from the extracts. The formation of nuclei 
from the isolated DNA in G2 phase-like extracts allowed 
the initiation of DNA replication (Figure 2A, column 2). 
When ~100 and possibly its putative associated proteins 
were depleted from the extracts, the licensing activity was 
removed, displaying a low activity similar to that without 
the incubation of the sperm DNA in the S phase mem- 
brane-depleted extract (Figure 2A, columns 3 and 1). Nev- 
ertheless, when the plOO-depleted extract was mixed with 
proteins eluted from anti-p1 00 immunoaffinity beads (see 
Figure 1 B), they reconstituted the licensing activity(Figure 
2A, column 4). The replication activity measured as the 
incorporation of [a-=P]dCTP into sperm DNA was due to 
the semiconservative replication of DNA. Figure 28 shows 
the semiconservative replication of the sperm DNA treated 
with the reconstituted, as well as mock-depleted extract 
but not with the plOO-depleted extract. These result8 indi- 
cated that ~100 and its associated proteins are required 
for the DNA replication licensing activity in the S phase 
extract. 
Dynamics in the Nuclear Localization of ~100 
Protein in Xenopus Egg Extract 
To obtain further insight into the role of ~100 in the replica- 
tion of nuclear DNA, we examined the association of ~100 
with sperm DNA in the egg extract before and after nuclear 
formation (Figure 3). lmmunofluorescence of anti-p100 
showed that ~100 became associated with DNA before 
the formation of nuclei, i.e., upon incubation in the extract 
for 15 min. At this stage, the 70 kDa subunit of replication 
protein A (RPA70) was absent from the chromatin. RPA, 
a single-stranded DNA-binding protein, is essential for the 
replication of SV40 DNA in vitro (Weld and Kelly, 1988; 
Fairman and Stillman, 1988), and it binds to decondensed 
sperm DNA to form a patch-like structure, presumably a 
prereplication initiation complex, when the sperm DNA is 
incubated in the extract for more than 30 min (Adachi and 
Laemmli, 1992). These results showed that ~100 bound 
to the chromatin prior to the formation of prereplication 
initiation complexes. 
After the formation of nuclear structures around sperm 
DNA, the nuclear distribution of ~100 and RPA70 markedly 
changed. RPA70 was apparently accumulated in the nu- 
clei during the progression of replication, and its localiza- 
tion essentially coincided with that of the nuclear DNA 
(Figure 3A). Such accumulation of proteins in the nuclei is 
typical of the protein factors required for elongation during 
replication, such as DNA polymerase a and PCNA, an 
auxiliary protein of DNA polymerase 6 (Hutchison and Kill, 
1989). Neither protein associated with DNA before nuclear 
formation (data not shown). In contrast, anti-p1 00 immuno- 
fluorescence on the chromatin became less distinct after 
the formation of nuclei (data not shown), and little ~100 
signal was detected in the nuclei about 60 min later (Figure 
3A), when the replication of sperm DNA was almost com- 
plete. This decrease in nuclear ~100 signal was inhibited 
by aphidicolin, which completely inhibited the replication 
activity of the egg extract (data not shown). These results 
showed that ~100 was apparently diminished from the nu- 
clei upon the progression of the replication. 
To quantitate the changes in anti-p100 immunofluores- 
cence upon replication, we immunoblotted the chromatin 
and nuclear fractions isolated from egg extracts at various 
times after adding sperm DNA to the extracts. The amount 
of ~100 associated with the chromatin fraction changed in 
a similar manner to that detected by immunofluorescence; 
~100 became associated with the chromatin fraction be- 
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Figure 4. Cell Cycle-Dependent Changes in the Nuclear Localization 
of Anti-p100 Antigen in HeLa Cells 
(A) lmmunoblotting of Xenopus egg extracts (lane 1) and nuclei pre- 
pared from HeLa cells growing at log phase (lane 2) with anti-p100 
antisera. 
(B) Nuclear localization of ~100 antigen in HeLa cells at early and late 
S phase. HeLa cells arrested at the GIIS boundary (1 and 3) and the 
cells 6 hr after the release from the arrest (2 and 4) were fixed and 
visualized by staining with the anti-p100 antisera followed by FITC- 
labeled anti-rabbit IgG (1 and 2) staining with mouse anti-BrdU anti- 
body followed by Texas red-labeled anti-mouse IgG (4) and under 
phase contrast (3). Scale bar, 50 urn. 
(C) The behavior of anti-p100 antigen during mitotic phase of HeLa 
cells. DNA (panels 1, 2, 3, and 4) and ~100 antigens (panels 5, 6, 
7, and 6) were visualized using Hoechst 33256 and rabbit anti-p100 
antisera followed by FITC-labeled anti-rabbit IgG, respectively. Scale 
bar, 25 pm. 
fore the formation of nuclei and dissociated from the chro- 
matin during replication (Figure 38). At the same time 
shown in Figure 3A (panel 6), little ~100 was detected with 
the chromatin fraction. Furthermore, dissociation of ~100 
from the chromatin fraction was prevented by inhibiting 
replication with aphidicolin. Conversely, we detected nei- 
ther a decrease in the amount of ~100 associated with 
nuclear DNA nor the accumulation of ~100 during the pro- 
gression of replication in the nuclear fractions (Figure 3C). 
These results therefore suggest that the decrease in the 
~100 immunofluorescent signal during the progression of 
replication reflects the dissociation of ~100 from the chro- 
matin DNA, accompanied with the change in the accessi- 
bility of the antibody to the ~100 epitope, but neither the 
degradation nor the export of ~100 protein 
The Behavior of a Human ~100 Homolog 
during the Cell Cycle 
Antibody against Xenopus ~100 protein apparently recog- 
nized a nuclear protein in mammalian cells. Figure 4A 
shows HeLa cell nuclei immunoblotted with the antibody. 
The apparent molecular mass of the antigen is slightly 
higherthan that ofXenopusp100, at about 102 kDa(p102). 
We found a similar antigen in cultured mammalian cells at 
the growth phases. On the other hand, we hardly detected 
such antigens in nuclei prepared from quiescent cells such 
as Xenopus red cells, as well as mouse liver and brain 
tissues (data not shown). The growth-associated appear- 
ance of ~102 prompted us to examine the behavior of 
this antigen during the cell cycle. When HeLa cells were 
arrested at the GllS phase boundary by synchronization 
with a thymidine double block, ~102 was essentially found 
in the nuclei, except that it was absent in the nucleolar 
structures (Figure 48). After release from the block, the 
nuclei actively incorporated bromodeoxyuridine (BrdU) 
added to the cells, indicating the replication of nuclear 
DNA. The ~102 and incorporated BrdU did not colocalize 
in the nuclei. Rather, the nuclear signal of ~102 gradually 
decreased with the progression of S phase (Figure 4B), 
without an accompanying increase in the cytosolic signal. 
Assuming that ~102 is a nuclear protein, the decrease in 
the nuclear ~102 signal may reflect a similar change to 
that of Xenopus ~100. 
The ~102 reentered the nuclei in the cells at exit from 
the mitotic phase. Most ~102 was excluded from the chro- 
matin at pro- and metaphase (Figure 4C, panels 5 and 6). 
At anaphase (Figure 4C, panel 7, upper cell), ~102 was still 
absent from the condensed chromatin, but it reassociated 
with the chromatin at telophase. The association of ~102 
with DNA was evident before nuclear formation, which can 
be seen in partially decondensed chromatin at telophase 
(see Figure 4C, panel 6, upper cell). The nuclear structure 
was formed again at the end of telophase, and ~102 ap- 
peared to be localized in the nuclei with decondensed 
chromatin (Figure 4C, panels 7 and 6, lower cells). This 
behavior of ~102 during the cell cycle, its apparent disap- 
pearance from the chromatin during the progression of 
replication, and its reassociation before the formation of 
nuclei closely coincided with that of ~100 in the Xenopus 
egg extract. 
The Molecular Structure of ~100 and 
Its Human Homolog ~102 
To identify the molecular entities of Xenopus ~100 and its 
putative human homolog ~102, we screened cDNA librar- 
ies in a hzAPll vector prepared from Xenopus oocytes and 
HeLa cell mRNA using the anti-p100 antibody as a probe. 
We obtained several positive clones from Xenopus oocyte 
and HeLa cell cDNA libraries. Restriction enzyme map- 
ping and the partial sequencing of each cDNA clone re- 
vealed that they were derived from the same mRNA spe- 
cies of Xenopus oocytes or HeLa cells. The largest cDNA 
from Xenopus and HeLa cells were about 2.6 and 3.1 kb, 
respectively. These two clones apparently contained the 
full message, because the bacterially produced proteins 
containing the 3.5 kDa /acZ fragment had an apparent 
molecular mass of about 104 and 110 kDa for Xenopus 
and HeLa cDNA, respectively. The Xenopus and human 
cDNA sequences revealed that both cDNA contained 
open reading frames of about 2.4 kb. 
Figure 5 compares the deduced amino acid sequences 
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Figure 5. A Comparison of the Xenopus ~100 and HeLa ~102 Protein 
Sequences 
The amino acid sequences were deduced from the nucleotide se- 
quences of the Xenopus ~100 cDNA and the HeLa ~102 cDNA clones 
(GSDB. DDBJ, EMBL, and NCBI nucleotide sequence data bases un- 
der accession numbers D36074 and D36073 for Xenopus and human 
sequences, respectively). The HeLa ~102 sequence was aligned with 
that of Xenopus ~100 using the GENETYX program. Identical amino 
acids are boxed, and acidic amino acid clusters found at the C-terminal 
region are indicated by bold letters. 
of ~100 and ~102 proteins. More than 70% of the amino 
acids were identical between these two protein se- 
quences, and the center of the sequences was over 90% 
identity. A homology search of these proteins revealed 
that the sequence of HeLa ~102 was essentially identical 
to that of human Pl, a human homolog of the yeast Mcm3 
protein (Thommes et al., 1992; Hu et al., 1993). The iden- 
tity between these two sequences was over 98%, and 
there were substitutions of nucleotides and amino acids 
at the N-terminal regions. There is a highly conserved re- 
gion at the central domains of the MCM family proteins 
(Hu et al., 1993). The identity of these regions between 
mammalian Pl and the yeast MCM3 protein scored over 
80% and that between Xenopus ~100 and human Pl or 
~102 scored nearly 100%. These data indicated that HeLa 
~102 is equal to human Pl protein and that Xenopus ~100 
is a homolog of mammalian Pl protein. Essentially the 
same sequence for the Xenopus Pl homolog was obtained 
by C. Y. Khoo and M. Madine (unpublished data). In addi- 
tion to the reported sequence similarity among yeast 
MCM3, mammalian Pl, and its Xenopus homolog, clus- 
ters of acidic amino acids and/or serine and threonine were 
interrupted by several basic amino acids at the C-terminal 
region. Some of these basic amino acids may function as 
a bipartite nuclear localization signal (Tye, 1994), although 
this function has not been directly assessed. 
Transport of Xenopus ~100 into the Nuclei 
The deduced amino acid sequence of Xenopus ~100 
revealed a potential nuclear localization signal at the 
C-terminal region. We therefore examined the transport 
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Figure 6. The ~100 Protein Cannot Permeate the Nuclear Envelope 
(A) Identification of GST-p100fusion protein. The bacterially produced 
GST-~100 fusion protein was resolved by SDS-PAGE and visualized 
by Coomassie blue staining (lane 1). The identity of the fusion protein 
was tested by immunoblotting of the purified protein (lanes 3 and 5) 
and the egg extract (lanes 2 and 4) was resolved by SDS-PAGE with 
anti-p1 00 antisera in the absence (lanes 2 and 3) and presence (lanes 
4 and 5) of 0.05 mg/ml GST-~100 fusion protein. 
(B) The transport of FITC-labeled GST-~100 fusion protein into the 
nuclei formed in the S phase egg extract. The nuclei were examined 
under phase contrast microscopy (1) and by FITC fluorescence of 
GST-~100 fusion protein (2). Scale bar, 50 pm. 
(C) The transport of ~100 protein into the nuclei obtained from HeLa 
cells at G2 phase. The nuclei were examined under a fluorescence 
microscope to detect Hoechst labeling of the DNA (1) Texas red stain- 
ing of ~100 (2) and FITC-labeling of SV40 BSA (3) in the same field. 
Scale bar, 25 Wm. 
of Xenopus ~100 into the nuclei. The apparent absence 
of accumulation of ~100 in the nuclei (see Figure 3C) did 
not exclude its transport into the nuclei, when the compen- 
sating export or degradation of ~100 in the nuclei was 
simultaneously operating. To examine the unidirectional 
transport of ~100 into the nuclei, we produced a glutathi- 
one S-transferase (GST)-fusion ~100 protein and labeled 
it with a fluorescent probe. Figure 8A shows the identity 
of the GST-fusion proteins used in this study. The major 
high pressure liquid chromatography (HPLC)-purified pro- 
tein was 130 kDa (lane l), and anti-Xenopus ~100 recog- 
nized this protein band as well as authentic egg protein 
(Figure 8A, lanes 2 and 3). In addition, the immunoreactiv- 
ity of the antibody was completely diminished when suffi- 
cient GST-fusion ~100 protein was included in the anti- 
body solution (Figure 6A, lanes 4 and 5). These results 
indicated that the GST-fusion protein contained Xenopus 
~100 sequences, which were recognized by the anti-p1 00 
antibody. 
The transport of GST-pl 00 protein into the nuclei was 
investigated by adding fluorescently labeled protein to the 
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egg extracts after the formation of nuclei. Figure 6B shows 
the apparent absence of transport of the fusion protein 
into the nuclear structures formed in the S phase egg ex- 
tract. In separate experiments, we examined both the 
transport of nucleoplasmin and GST-fusion ~100 protein. 
Among over 100 nuclei positive for the transport of nucleo- 
plasmin, we found no plOO-positive nuclei. Similar results 
were obtained with the G2 phase of egg extract. These 
results are consistent with the apparent absence of accu- 
mulation of ~100 protein into the nuclei formed in the egg 
extract (see Figure 3C). 
We further examined the transport of ~100 protein into 
the nuclei isolated from G2 phase of HeLa cells. G2 nuclei 
have been used to examine the role of nuclear membrane 
in preventing rereplication in the egg extract (Leno et al., 
1992). We prepared G2 nuclei by permeabilizing the cells 
on the coverslips with digitonin. The cells were synchro- 
nized at the GllS boundary by means of a thymidine dou- 
ble block, and they were treated with detergent 10-l 1 hr 
after the release. At this stage, almost all the cells neither 
incorporated BrdU nor showed intense staining of ~102 
with anti-p100 antisera (data not shown). The transport of 
proteins was examined 60 min after incubating the nuclei 
in the membranedepleted S phase extract. To assess the 
ability of the nuclei in transporting proteins, we included 
fluorescein isothiocyanate (FITC)-labeled bovine serum 
albumin (BSA) conjugated with the nuclear localization 
sequence of SV40 large T antigen (SV40-BSA). Figure 
6C shows that the nuclei that accumulated SV40-BSA 
excluded ~100. Some nuclei entered M phase showing 
neither SV40-BSA accumulation nor ~100 exclusion. 
Rather, partially condensed DNA was intensely stained 
with anti-p100 antibody, indicating that ~100 bound to the 
chromatin in the absence of nuclear membrane. In the 
figure, there is apparently no ~100 binding to the highly 
condensed DNA. Essentially, the same results were ob- 
tained by incubating the nuclei in the extracts for more 
than 2 hr. Permeabilizing the nuclear membrane of G2 
nuclei with Nonidet P-40 (NP-40) allowed ~100 binding as 
well as the initiation of replication of G2 nuclei in the S 
phase but not in the G2 phase-like extract (data not 
shown). These results showed that intact G2 nuclei formed 
a barrier against the entry of Xenopus ~100. 
We identified Xenopus ~100 protein, a homolog of budding 
yeast MCM3 and mammalian Pl protein, as a component 
of a putative DNA replication licensing factor. The licens- 
ing factor model was proposed based upon the finding that 
the nuclear membrane blocks the rereplication of nuclear 
DNA in Xenopus egg extracts (Blow and Laskey, 1966). 
The proposed features of the factor, involvement in the 
initiation of the replication, inactivation upon the initiation 
of replication, and inability to be transported into the nu- 
clei, allow the nuclear DNA to replicate only once during 
a single round of the cell cycle. The ~100 protein identified 
in this study fulfills the first feature of the licensing factor. 
We identified ~100 protein, which bound to sperm DNA 
incubated in the S phase, but not the G2 phase-like ex- 
tract. Raising an antibody against ~100, we showed that 
anti-p100 antibody depleted so-called positive replication 
licensing activity in the extract and that the proteins bound 
to anti-p100 antibody, including ~100 protein, reconstitu- 
ted the activity when added to plOO-depleted extract. 
Since the G2 phase-like extract cannot support the initia- 
tion stages of replication (Blow, 1993; Kubota and Taki- 
sawa, 1993), our results indicate that ~100 protein is re- 
quired for the initiation of DNA replication in the Xenopus 
egg extract. 
The behavior of ~100 during replication suggested that it 
is inactivated during this process, thus fulfilling the second 
feature of a licensing factor. lmmunofluorescent observa- 
tion as well as immunoblotting of chromatin fractions re- 
vealed that ~100 associated with DNA before nuclear for- 
mation was diminished from the nuclear DNA upon the 
progression of replication reactions. Since the binding of 
~100 to chromatin appears to be an obligatory requirement 
for the initiation of replication, the dissociation of ~100 
from chromatin inactivated ~100. The persistence of ~100 
in the replicating nuclei, revealed by the immunoblotting 
of isolated nuclear fractions, further indicated that the inac- 
tive form of ~100, dissociated from chromatin, is present 
in the nuclei. This situation explains why mammalian cells 
treated with the protein kinase inhibitor K-252a rereplicate 
their nuclear DNA without mitosis (Usui et al., 1991). It 
should also be noted that the mobility of ~100 associated 
with the chromatin fractions shifted to higher molecular 
mass after an incubation in the presence of aphidicolin 
(Figure 38). This indicates a posttranslational modification 
of ~100. We noticed that the effect of aphidicolin upon 
inhibiting the disappearance of the ~100 immunofluores- 
cent signal, as well as that upon the mobility shift of ~100, 
varied depending according to the preparation of the egg 
extracts (data not shown). These variances may relate to 
the spontaneous inactivation of the licensing activity of the 
egg extracts during an incubation at 23% (Blow, 1993). 
Details of the effect of aphidicolin on the confirmational 
changes in ~100 protein are under investigation. 
An immunologically homologous protein, p102/Pl, in 
HeLa cells behaves quite similarly to Xenopus ~100. Es- 
sential nuclear localization of ~102 at the GllS boundary 
became obscure upon the progression of replication, and it 
reassociated with DNA before nuclear formation. A similar, 
but more extensive study of the behavior of mammalian 
Pl protein has been described by Kimura et al. (1994), 
although they failed to show the association of Pl protein 
with DNA before nuclear formation. They also showed that 
the replication reaction was inhibited by injecting the anti- 
Pl antibody into the nuclei. However, its involvement in 
the initiation of replication remainsobscure. One intriguing 
finding of their study is the hyperphosphorylation of Pl 
proteins during the S phase of the cells. They argue that 
the phosphorylation may be related to the apparent disso- 
ciation of Pl protein from the nuclear DNA. It will be of 
interest to know whether or not the phosphorylation of 
mammalian Pl as well as Xenopus plO0 protein is in- 
volved in the inactivation of these proteins. 
The molecular structure has revealed some intriguing 
sequences in ~100. One is the bipartite nuclear localiza- 
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tion sequence (Robbinset al., 1991). Yeast MCMS, human 
Pl, and Xenopus ~100, all seem to contain such se- 
quences at the C-terminus. We investigated the transport 
of ~100 protein into the nuclei formed in the egg extracts 
as well as those prepared from the HeLa cells at G2 phase. 
Our results indicated that ~100 protein fulfills the third 
feature of a licensing factor: it does not permeate the nu- 
clear membrane. Conversely, yeast MCM3 is transported 
into the nuclei at the end of mitosis. Studies using mamma- 
lian GO nuclei show that permeabilization of the nuclear 
membrane is required for the initiation of replication in the 
egg extract (Leno and Munshi, 1994), further indicating 
the requirement for transport of the licensing factor. The 
apparent absence of ~100 or pi02 from the nuclei of quies- 
cent cells suggests that these sequences function as a 
nuclear translocation signal when cells at GO enter Gl 
phase, which proceeds without nuclear membrane break- 
down. Further study on the putative nuclear localization 
signal of ~100 protein will enable the contradicting aspects 
of the licensing factor to be resolved. 
The other unique sequences are the highly acidic amino 
acid clusters interrupted by basic amino acids at the 
C-terminus. A cluster of acidic amino acids is also located 
at the N-terminal region of the MCM3 family, and the ap- 
parently larger molecular mass of the protein as deter- 
mined by SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) compared with that deduced from the sequences 
can be explained by the presence of these acidic amino 
acids. Clusters interrupted by basic amino acids are also 
found in nucleoplasmin (Dingwall et al., 1987), the Xeno- 
pus egg protein that is required for remodeling the nucleo- 
some structures of sperm DNA in the egg extract (Philpott 
and Leno, 1992). Reports describing the general transcrip- 
tion activatorSWl/SNFcomplexes(Coteet al., 1994; Kwon 
et al., 1994; lmbalzanoet al., 1994) indicate that disruption 
of the nucleosome structure is required for the initiation 
of transcription. We speculate that the licensing factor, 
including the Mcm3 homolog, actsasan initiatorof replica- 
tion by disrupting the nucleosome structure at the onset 
of unwinding duplex DNA containing the ori sequences. 
Future studies will clarify the unified mechanism for the 
regulation of replication and transcription of eukaryotic 
DNA. 
Experimental Procedures 
Sample Preparation 
Xenopus egg extracts, membrane-depleted extracts, and demembra- 
nated sperm DNA were prepared as described (Kubota and Takisawa, 
1993). Xenopus egg proteins associated with sperm DNA were pre- 
pared as follows. Demembranated sperm DNAs were incubated in 
membrane-depleted extracts for 30 min at 23OC. Decondensed chro- 
matin was sedimented at 10,000 x g for 5 min through 1 M sucrose 
in EB (100 mM KCI. 2.5 mM MgCI,, and 50 mM HEPES-KOH [pH 
7.51). Chromatin-associated proteins were extracted with SDS-PAGE 
sample buffer and separated from DNA by passage through a 0.45 
urn filter. Nuclear and chromatin fractions of Xenopus egg extracts 
were prepared as follows. Demembranated sperm DNAs were incu- 
bated in egg extracts for various periods at 23“C. The samples were 
then diluted with 10 voi of EB, with and without 0.25% Triton X-100. 
to prepare chromatin and nuclear fractions, respectively. The diluted 
samples were layered on top of 30% sucrose in EB and sedimented 
at 10,000 x g for 15 min. The pellets were used as nuclear or chromatin 
fractions. HeLa cell nuclei were prepared as follows. HeLa cells 
washed with PBS were suspended in 0.1% NP-40, 0.5 mM EDTA, 2 
mM MgC&, 2 mM ATP. 0.2 mM DTT, and 10 mM Tris-HCI at pH 7.5. 
After incubating for 10 min at O°C, the suspensions were homogenized 
and centrifuged at 400 x g for 10 min. The pellet obtained from about 
105 cells was used as the nuclear fraction. 
Production of Antibodies and lmmunoblottlng 
We raised an antibody against ~100 as follows. S phase-specific, 
chromatin-associated pi 00 protein was excised from the gel, and fe- 
male rabbits were immunized by the standard protocol. Generation 
of anti-p100 antibodies was checked by immunoblotting. and the rabbit 
producing the antibodies was boosted at 4- lo 5-week intervals with 
the SDS-PAGE-purified antigen, the identity of which was checked 
with the earliest batch of antisera. The antisera obtained after the final 
boost detected pi00 protein in the whole egg extract at dilution over 
50,000-fold. Mouse anti-RPA70 antisera were raised by immunizing 
mice with the 70 kDa subunit of Xenopus RPA. RPA was purified from 
the egg extracts as described (Fairman and Stillman, 1966). Immu- 
noblotting of the egg extract showed that the antibody recognized a 
single egg protein with an apparent molecular mass of 70 kDa (data 
not shown). lmmunoblotting proceeded as described (Kubota and 
Takisawa, 1993), except that rabbit anti-p100 antisera was diluted 
1110,000. 
lmmunodepletlon and lmmunoafflnlty Purification of Proteins 
The membrane-depleted S phase extract was incubated for 2 hr at 
4OC with an equal volume of protein A-Sepharose beads conjugated 
with rabbit control or anti-p100 antibody, by means of the standard 
protocol. The mixtures were then centrifuged at 10,000 x g for 15 s 
to remove the beads, and the supernatants were used as treated ex- 
tracts. To partially purify ~100 protein, the recovered beads were thor- 
oughly washed with EB containing 0.2 M NaCI. The proteins bound 
to the beads were then eluded with EB containing 0.6 M NaCl and 
50% ethylene glycol. Fractions containing ~100 were combined, con- 
centrated lo about 1 mglml bycentrifugation, and then dialyzed against 
EB containing 10% glycerol and stored at -2O’C. 
Assay for the Licensing Activity of Egg Extracts 
Demembranated sperm DNAs were incubated in mock- and anti-plOO- 
depleted S phase extracts or anti-p1OOdepleted extract reconstituted 
with the partially purified ~100 protein (about 160 nglml extract). After 
a 20 min incubation, they were pelleted through 15% sucrose in EB 
at 6000 x g for 5 min (Blow, 1993). The pellets containing sperm 
DNA were resuspended in the M phase extract treated with 5 uM 
staurosporine, which was referred toG2phase-likeextract, containing 
[a-“PJdCTP and incubated for 2 hr at 23°C. The incorporation of =P 
into the acid-insoluble fraction was measured as described (Kubota 
and Takisawa, 1993). For CsCl gradient centrifugation, sperm DNAs 
treated with the membranedepleted extracts were incubated in the 
G2 phase-like extracts containing [a-3ZP]dCTP and 0.5 mM BrdUTP 
for 2 hr at 23OC. The reactions were terminated with 2 vol of TE buffer 
(50 mM Tris-HCI and 5 mM EDTA at pH 7.5) containing 0.5 mg/ml 
proteinase K. Samples were then incubated for 2 hr at 37OC, and the 
DNA was recovered by ethanol precipitation. Following digestion with 
10 uglml RNase A at 37OC for 2 hr, the samples were loaded onto 
CsCl (final density of 1.74 g/ml in TE) and centrifuged for 16 hr at 
50,000 rpm in a Beckman VTi65 rotor. The radioactivity of each fraction 
was measured in the liquid scintillation counter, and the density of 
each fraction was estimated from the refractive index. 
lmmunofluorescence Microscopy 
Fluorescent microscopy of nuclei formed in the Xenopus egg extracts 
was performed as described (Kubota and Takisawa, 1993) except the 
dilutions of anti-p100 and anti-RPA70 antisera were 5000- and 2000- 
fold, respectively. For cytological observations, HeLa cells on cover- 
slips were fixed for 10 min in 3.3% formaldehyde in PBS. After treating 
thecellswith 0.1% TritonX-100 in PBSfor 15min, theywereincubated 
with an&p100 antisera(lOOO-fold dilution) in TTBS (0.9% NaCI, 0.1% 
Tween 20, and 50 mM Tris-HCI [pH 7.51) containing 10% skim milk 
overnight, then reacted with FITC-labeled second antibody. After 
washing the antibody, the cells were fixed for 10 min in 3.3% formalde- 
hyde in PBS and treated with 4N HCI for 30 min. After washing the 
Cell 
608 
cells with PBS, the incorporation of BrdU into DNA was detected with 
mouse anti-BrdU monoclonal antibody (Boehringer, 20 pglml), fol- 
lowed by a second antibody against mouse IgG conjugated with 
Texas red. 
Cell Culture Conditions 
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium sup- 
plemented with 10% FCS and synchronized at the GllS boundary by 
means of a double thymidine block. In brief, HeLa cells at log phase 
were incubated with 2.5 mM thymidine for 24 hr, the thymidine was 
removed, and the cells were cultured for a further 10 hr. The cells 
were then incubated with 5 pg/ml aphidicolin for 14 hr. For microscopic 
observation, the cells were cultured on coverslips, and 0.1 mM BrdU 
was added 15 min before fixation. Mitotic cells were collected byshak- 
ing off the cells 12 hr after release from the double block. The mitotic 
cells were washed with Dulbecco’s modified Eagle’s medium supple- 
mented with 10% FCS, and then cultured on coverslips. 
Cloning and Sequencing of cDNA 
UP-derived cDNA libraries of Xenopus oocyte and HeLa cell mRNAs 
were constructed by means of the ZAP-cDNA synthesis kit according 
to the protocol of the manufacturer (Stratagene). The cDNA libraries 
with complexities of 1.1 x lo6 pfu (Xenopus oocyte) and 1.4 x 108 
pfu (HeLa) were screened with rabbit anti-Xenopus ~100 antisera to 
obtain five and seven positive clones, respectively. The DNA se- 
quences of the largest human ~102 cDNA clone (3.1 kb) and the Xeno- 
pus ~100 cDNA clone (2.6 kb) were determined by automatically se- 
quencing both strands (ABI, 373A). 
BacterIaI Expression of Xenopus ~100 Protein and the 
Preparation of Fluorescent-Labeled Protein 
GST-Xenopus pl OOfusion protein was generated using the GST gene 
fusion vector pGEX4T-3(Pharmacia LKB Biotechnology). The plasmid 
pGEX4TSplOO was constructed by excising a 2600 bp EcoRI-Xhol 
fragment from the Bluescript plasmid containing the Xenopus pi00 
cDNA and subcloned into the pGEX4T-3 vector. After transforming 
E. coli strain PR745 (Ion-), a colony of the pGEX transformant was 
inoculated into 1 ml of LB/ampicillin (L-broth containing 50 pg/ml ampi- 
cillin) containing 1 mM glucose and grown overnight at 37’C. Over- 
night culture (10 ~1) was added to 100 ml of LB/ampicillin and grown 
at 20°C overnight and diluted with 1 liter of LB/ampicillin. The culture 
was further incubated at 20°C for 10 hr, and recombinant GST-Xeno- 
pus ~100 protein was induced with isopropyl-~-D-thiogalactopyrano- 
side (0.1 mM). The cells were harvested 24 hr later, were suspended 
in 30 ml of 50 mM Tris-HCI (pH 7.5) containing 2 mM EDTA, 1 mM 
DTT, and 1 mM PMSF, and lysed in a French pressure cell at 1000 
kgf/cm2. The lysate was centrifuged at 12,000 x g for 20 min, and 
the supernatant was further centrifuged at 100,000 x g for 30 min. 
The supernatant was applied to glutathione-Sepharose 48 (Phar- 
macia LKB Biotechnology), and GST-~100 fusion protein was purified 
according to the protocol of the manufacturer. The purified GST-~100 
fusion protein was further purified by gel filtration on an HPLC column 
TSK-GEL 3000 SWXL (Tosho Corporation). Protein peak migrating at 
about 150 kDa was collected, concentrated, and stored at -2O’C in 
the presence of 10% glycerol. GST-~100 fusion protein was labeled 
with FITC, and free labels were removed as described (Kubota and 
Takisawa, 1993). 
Measurement of the Nuclear Transport of Proteins 
The labeling of proteins and their transport into the nuclei formed in 
the egg extracts were measured as described (Kubota and Takisawa, 
1993), except the final protein concentrations were about 200 pg/ml 
extract. Transport of proteins into HeLa G2 nuclei was measured as 
described by Adam et al. (1990) with some modification. In brief, HeLa 
cells cultured on coverslips were synchronized at the GlIS boundary 
as described above and released from the aphidicolin block by chang- 
ing the medium twice with DMEM containing 10% FCS. The cells 
were further cultured in the absence of aphidicolin for 10 hr, and then 
washed twice with PBS to remove excess medium. The cells were 
then treated with 40 &ml digitonin in transfer buffer consisting of 
110 mM KCI, 5 mM NaCI, 2 mM MgCI*, 1 mM EGTA, 2 mM DTT, 1 
&ml each protease inhibitors (aprotinin, pepstatin, leupeptin, and 
chymostatin), and 20 mM HEPES (pH 7.5) for 4 min at OOC. The per- 
meabilization of the plasma membrane was checked by staining the 
ceil with 0.1% Trypan blue in PBS and stopped by rinsing the cover- 
slips with ice-cold PBS. After removing the buffer from the coverslips, 
50 pl of demembranated S phase egg extract containing 1 ng FITC- 
labeled BSA conjugated with the nuclear localization sequence of 
SV40 large T antigen was placed on the slips and incubated for appro- 
priate periods at room temperature. The permeabilized cells were then 
fixed for 10 min with PBS containing 3.5% formaldehyde. After wash- 
ing the coverslips with PBS, they were incubated overnight at 4OC 
with the first antibody (anti-Xenopus ~100 antisera, with 2000-fold dilu- 
tion) and processed for observation under a fluorescent microscope. 
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